Fluorinated microgel star polymers were designed and synthesized as fluorous nanocapsules for the encapsulation and release of perfluorinated compounds. Five types of these fluorous star polymers were obtained by ruthenium-catalyzed linking reaction of chlorine-capped poly(methyl methacrylate) arms (macroinitiators) with a perfluorinated dimethacrylate linker and a perfluorinated methacrylate (R F MA), so as to tune the in-core fluorous properties depending on the latter structure and fluorine content. 
time (T 2 ) measurements revealed that the mobility of the in-core perfluorinated pendants derived from R F MA decreased with increasing the number of fluorine and carbon atoms, or the pendant length. The cores effectively recognized and encapsulated perfluorinated guest compounds (e.g., perfluorooctane and perfluoromethylcyclohexane), and the encapsulation depended on the fluorous properties of the structures and fluorous nature of R F MA and the guests. For example, encapsulation was promoted with increasing the number of in-core fluorine and CF 3 groups, and typically the core with perfluorodecyl pendants successfully captured perfluorinated esters and ketones. In addition, fluorinated star polymers could reversibly capture and thermo-responsively release a perfluorinated guest, indicating the encapsulation is selective but dynamic and stimuli-responsive. 
Fluorous Recognition

Introduction
"Fluorophilicity" is a key character of perfluorinated compounds and related materials, which are generally immiscible with hydrophobic (lipophilic) and hydrophilic solvents and compounds. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Because of this unique feature, perfluorinated materials are widely employed in industry and academic research; e.g., as water/oil repellents, surfactants, and surface coating agents, 5, 6 as well as key players in catalysis (for facile product separation, etc.), 2-4,7 molecular recognition, [8] [9] [10] 12, 13, 14 and unique self-assembly. [11] [12] [13] In particular, the functionalization of perfluorinated polymers with hydrophobic and/or hydrophilic segments is promising in creating globular macromolecules with fluorous inner compartments that are fully solubilized and/or dispersed in common organic solvents and water. [8] [9] [10] [11] [12] [13] Such fluorous compartments have been created within microgel-core star polymers, 8, 9 micelles, [11] [12] [13] and the related self-assembly molecules, 10, 14 typically applicable to molecular encapsulation vessels.
Microgel-core star polymers possess covalently crosslinked microgels in the center that are solubilized and covered with plenty of linear arm polymers (10 -100), [16] [17] [18] [19] [20] [21] [22] in sharp contrast to micelles, vesicles, polymersomes, and nanogels that are based on the physical association of amphiphilic and/or functional polymers. 23 The microgel cores of star polymers have large free spaces and lots of cavities 22 to afford functional compartments that typically serve as nanocapsules for molecular capture and release and nanoreactors for catalysis. 8, 9, 16, 17, [24] [25] [26] [27] [28] [29] In general, microgel star polymers are obtained from the cross-linking reaction of living linear polymers or macroinitiators (arm) with divinyl monomers (core-forming agent) in living polymerization. [30] [31] [32] [33] [34] Focusing on the high versatility and functionality tolerance, we have employed ruthenium-catalyzed living radical polymerization 30 for the arm-linking reaction with functional linking agents and monomers, to directly produce various core-functionalized star polymers with amide, 24 phosphine, [25] [26] [27] amine, 27 hydroxyl, 24, 27 ionic, 28 and perfluorinated groups.
host-guest interaction. Additionally, they released the guests from the core by reducing the fluorous interaction with CHCl 3 addition. 19 F nuclear magnetic resonance (NMR) measurements would allow us to evaluate a series of fluorous molecular recognition and the mobility of in-core perfluorinated alkyl pendants with 19 F spin-latice and/or spin-spin relaxation time (T 1 , T 2 ). The dynamics characterization revealed that the accumulation of 13FOMA into microgel cores reduced the thermal mobility of the in-core perfluorinated pendants to result in stable fluorous compartments. 8 The fluorous microgels can thus efficiently recognize and tightly enclose perfluorinated guest compounds.
Herein, we report the synthesis of various fluorinated microgel star polymers (S1 -S5) via living radical polymerization to create fluorous nanocapsules for the capture and stimuli-responsive release of perfluorinated compounds in organic media (Scheme 1 and distilled water (150 mL) were poured into the flask. The aqueous phase was separated and extracted by diethyl ether (150 mL), and the ether extracts were combined with the organic layer.
The combined organic phase was washed with water three times. After the ether was removed by evaporation, the crude product was purified by silica gel column chromatography (the bottom and 17FDeMA. In 300 mL round-bottomed flask filled with argon, methacryloyl chloride (80.9 mmol, 7.8 mL) was added to a solution of 1H,1H,2H,2H-heptadecafluoro-1-decanol (53.9 mmol, 25 g) and trientylamine (80.9 mmol, 11.2 mL) in dry THF (75 mL) at 0 o C. The reaction mixture was stirred at 25 o C for 24 h. After the evaporation of the reaction solution, diethyl ether (150 mL) and distilled water (150 mL) were poured into the flask. The aqueous phase was separated and extracted by diethyl ether (150 mL), and the ether extracts were combined with the organic layer.
The combined organic phase was washed with water three times. After the ether was removed by evaporation, the crude product was purified by silica gel column chromatography (the bottom and top layers were covered with sodium sulfate) with hexane/ethyl acetate (10/1, v/v) as an eluent.
The solution was evaporated in vacuo to dryness to give colorless liquid of 17FDeMA. Yield: 
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Synthesis of Fluorinated Microgel Star Polymers
The synthesis of star polymers (S1-S5) were carried out by syringe technique under argon in baked round-bottomed flasks equipped with a three-way stopcock.
S1:
In a 200 mL round-bottomed flask, Ru(Ind)Cl(PPh 3 ) 2 (0.220 mmol, 171 mg) was placed.
Into this flask, toluene (58.1 mL), tetralin (4.7 mL), a 400 mM toluene solution of n-Bu 3 N (2.2 mmol, 5.5 mL), MMA (441 mmol, 47.2 mL), and ECPA (2.2 mmol, 0.38 mL) were added sequentially in this order at 25 o C under argon (total volume: 116 mL). The solution (25 mL) was distributed into four 100 mL round-bottomed flasks to prepare PMMA arms for star polymers (S1, 
S2, S4, S5
F T 2 Measurements
Degassed solutions of star polymers (S1-S5: 50 mg) in DMF-d 7 (1 mL) were added into NMR tubes by syringe and the tubes were sealed under nitrogen before 19 F NMR analysis. 19 
Encapsulation of Perfluorinated Compounds
Encapsulation of perfluorinated compounds (PFMCH, PFO, PFH, PFO-ester, PFHp-ketone, PFO-OH) with S1-S5 was evaluated with 19 F NMR.
PFMCH, PFO, and PFH:
In a 6 mL vial, the guests (0.2 mL) were respectively added into the solution of a star polymer (S1-S5, 70 mg) in DMF-d 7 (1.4 mL). The mixture was vigorously stirred at room temperature for 24 h. After the emulsion mixture was kept calmly for a few days, the solution was separated to two phases. The upper transparent layer containing a guest and a star polymer was analyzed by 19 F NMR.
PFO-ester and PFHp-ketone:
In a 6 mL vial, the guests (0.2 mL) were respectively added into a solution of a star polymer (S3 or S5: 50 mg) in DMF-d 7 (0.8 mL). The dispersed mixture was vigorously stirred at room temperature for 24 h. After the solution was kept calmly for a few hours, the solution was separated to two phases. The upper transparent layer containing a guest and a star polymer was analyzed by 19 F NMR.
PFO-OH:
In a 6 mL vial, a DMF-d 7 solution of a star polymer (S3 or S5, 50 mg/mL, 1.0 mL) was added to PFO-OH (17.2 mg). The homogeneous mixture was stirred at room temperature for 24 h. The solution was then analyzed by 19 F NMR.
Result and Discussion
Synthesis of Fluorinated Microgel Star Polymers
Five kinds of fluorinated microgel star polymers (S1-S5) were designed with methacrylates carrying different perfluorinated alkyl pendants (R F MA) as core-fluorination groups:
1H,1H,2H,2H-perfluorohexcyl methacrylate (9FHxMA), 1H,1H,7H-perfluoroheptyl methacrylate After purified by preparative SEC (removing the residues of unreacted arms, a ruthenium catalyst, and monomers), S1-S5 were characterized by multi-angle laser light scattering coupled with SEC (SEC-MALLS) in DMF to determine absolute weight-average molecular weight (M w ), arm numbers (N arm ), and radius of gyration (R g ): M w = 393000 -954000 g/mol; N arm = 19 -42; R g = 13 -21 nm (Table 1) . Uniquely, S1-S4 have almost constant arm numbers (N arm = ~20), whereas S5 has N arm (~ 40) about twice larger than S1-S4. The former corresponds to the fact that N arm , i.e., 
Table 1
The numbers of in-core fluorine atoms (N F ), in-core CF 3 end groups (N CF3 ), and in-core Calculated from the area ratio of olefin signal (h) to an initiator unit (c), the unreacted pendant olefin of 12FODMA was estimated as about 0.3 unit per a single arm chain: i.e., in all star polymers, over 94% of the pendant olefin was consumed by intra-and intermolecular crosslinking reaction.
Additionally, S2 quantitatively exhibited a tip proton signal (-CHF 2 ) of in-core 12FHpMA (k: 6.2 -5.8 ppm); the area ratio is in good agreement with the content per a single arm chain (n = 10).
Figure 2
To evaluate the properties of the in-core perfluorinated alkyl pendants, S1-S5 were further analyzed by 19 
Core-Mobility Analysis by T 2 Measurements
Thermal mobility of the in-core perfluorinated pendants was evaluated with 19 F NMR spin-spin relaxation time (T 2 ) measurements of S1-S5 in DMF-d 7 . It has already found that the perfluorinated pendants in star polymers effectively aggregate within microgel cores via fluorous interaction in DMF. The mobility of the perfluorinated pendants would thus tend to decrease with increasing fluorous nature.
At 30 o C, 19 F T 2 values of the in-core CF 3 or CHF 2 groups in S1-S5 were determined as 16 (S1), 20 (S2), 7.0 (S3), 5.4 (S4), and 2.6 (S5) ms ( Table 2 ). The T 2 values decreased with increasing the fluorine atom numbers of in-core R F MA unit (S1 < S3 < S4< S5). This indicates that perfluorinated pendants gradually aggregate each other within microgels to be less mobile as the fluorine numbers increase. S5 comprising 12FODMA and 17FDeMA afforded the most stable fluorous compartment. Importantly, T 2 for S2 was much larger than that for S3 in spite of the almost identical fluorine atom numbers of R F MA (12 -13), meaning that CHF 2 -capped pendants are not so fluorous to freely mobile within S2 without aggregation.
Table 2
Temperature-dependent 19 F T 2 measurements of S1-S5 were conducted in DMF-d 7 All of ln T 2 values were inversely proportional to 1/T, demonstrating that the mobility of their CF 3 or CHF 2 groups obeys Arrhenius equation (eq. 1). E ap was estimated from the slope of the plots as follows: E ap = 33 (S1), 26 (S2), 39 (S3), 44 (S4), and 44 (S5) kJ/mol (Table 2 ). This revealed that activation energy (E ap ) also increased with the physical association of perfluorinated pendants by fluorous interaction within the cores; S5 had the largest E ap to form most stable fluorous compartment.
Guest Encapsulation and Stimuli-Responsive Release
Encapsulation of perfluorinated guest molecules was investigated with fluorinated microgel star polymers (S1-S5) in DMF-d 7 . Discussion was especially focused on encapsulation efficiency, fluorous interaction, and host/guest mobility, dependent on the in-core perfluorinated units. The guest encapsulation would be enhanced with increasing the fluorous interaction between the in-core perfluorinated pendants and a guest molecule.
PFMCH Encapsulation. Perfluoromethylcyclohexane (PFMCH) was first employed as a guest molecule that is fluorous, immiscible with common organic solvents (e.g., DMF) and water. 8, 9 PFMCH was mixed and solubilized with S1-S5 in DMF-d 7 at 25 o C for 24 h, resulting in emulsion mixtures. After the phase separation, the transparent supernatant was analyzed by 19 (Figure 5f ). In the presence of S2, the CF 3 signal of PFMCH was in turn still multiplet despite of the upfield shift (a':
-70.45 ppm). This indicates that S2 actually solubilized PFMCH but does not so efficiently enclose it within the core owing to the less fluorous properties of the in-core 12FHpMA bearing a -CHF 2 end group.
Figure 5
The mobility of PFMCH enclosed within S1-S5 was evaluated with 19 F T 2 measurements of the guest CF 3 group (Table 3 ). The T 2 values were dependent on the star polymer species: T 2 = 177 (S1), 472 (S2), 136 (S3), and 69 (S4 and S5) ms. All of the values were much shorter than T 2 for PFMCH alone (3150 ms, in CDCl 3 ). In particular, S4 and S5 effectively shortened T 2 for PFMCH, i.e., reduced the guest mobility, indicating that S4 and S5 with long perfluorinated pendants tightly capture PFMCH within the cores. Among S1-S5, S2 in turn gave relatively long T 2 for PFMCH. This clearly demonstrates that PFMCH is not so tightly bound with the 12FHpMA-based microgel owing to the less fluorous properties. The mobility for PFMCH (T 2 : S5 ~ S4 < S3 < S1 < S2) decreased with increasing E ap for the in-core perfluorinated pendants (E ap : Table 2 ). In contrast, the mobility of the in-core perfluorinated pendants in star polymers (T 2 values for the CF 3 or CHF 2 groups) was almost independent of a PFMCH guest molecule (Table 2 and 3) . Table 3 The encapsulation efficiency of PFMCH was quantitatively evaluated with the number of ( Figure 6 ). This result reveals that the encapsulation efficiency is not only enhanced with the total fluorine atom numbers (S1 < S2 < S3 < S5) but also with the tip CF 3 numbers (S3 < S4). Actually, S4 (1.29) was twice more effective per one R F MA unit than S3 (0.64), while the efficiency of S4 per one CF 3 group was almost identical with that of S3. Thus, the accumulation of CF 3 group in microgels is also quite important for the encapsulation of large number of perfluorinated guests.
Figure 6
Various Guest Molecules. Next, S3 and S5 were applied to the encapsulation of various perfluorinated compounds including perflurooctane (PFO), perfluorohexane (PFH), methyl perfluorooctanoate (PFO-ester), methyl perfluoroheptyl ketone (PFHp-ketone), and 1H,1H-perfluoro-1-octanol (PFO-OH). These guests were mixed with S3 or S5 in DMF-d 7 for 24 h. PFO, PFH, PFO-ester, and PFO-ketone gave heterogeneous mixture (PFO and PFH: emulsion, PFO-ester, and PFO-ketone: dispersion), whereas PFO-OH did homogenous counterpart. The phase-separated, transparent supernatants or the homogenenous solution were analyzed by 19 F NMR ( Figure 7 ).
Figure 7
In the presence of S3, the CF 3 peaks for PFO, PFH, and PFO-ester shifted to upfield and Thermoresponsive Reversible Encapsulation and Release. We have already found that perfluorinated compounds can be released from perfluorinated microgel star polymers by the addition of good solvents for the guest compounds. 8, 9 Here, we examined temperature-responsive, reversible encapsulation and release of PFMCH with S3 in DMF-d 7 ( Figure 8 ). PFMCH is known to have thermoresponsive solubility against organic solvents: i.e., the compound is miscible with them upon heating owing to reduced fluorous properties. 
S1 -S5
Release d Encapsulation efficiency of PFMCH per an in-core R f MA unit: N guest /N RF (N RF : see Table 1 ). 
